Persistent Mycobacterium tuberculosis (MTB) likely encounters a phosphate-limited environment within macrophage phagosomes. We studied MTB growth, antibiotic susceptibility, and gene expression during phosphate limitation. With use of MTB mutants deficient in phosphate-related genes, we assessed bacillary survival under phosphate-limited conditions and in mouse and guinea pig lungs. Phosphate limitation restricted MTB growth in a dose-dependent manner, and phosphate-starved bacilli became phenotypically tolerant to isoniazid. The MTB genes ppk1 and relA were upregulated significantly after phosphate starvation, consistent with inorganic polyphosphate accumulation and MTB stringent response induction. The phosphate-specific transport operon pstS3-pstC2-pstA1 was induced during phosphate starvation and its expression was dependent on the 2-component regulatory system SenX3-RegX3. The MTB gene regX3 appears to be essential for bacillary survival during phosphate limitation and in mammalian lungs. Our data suggest that MTB encounters phosphatelimited conditions during mammalian lung infection and that expression of the phosphate starvation response (PSR) is important for MTB persistence.
The lengthy and cumbersome drug regimens available to treat tuberculosis (TB) have contributed to medical nonadherence and the emergence of multidrug-resistant and extensively drug-resistant TB [1] . The prolonged duration of TB therapy likely reflects the ability of Mycobacterium tuberculosis (MTB) to persist in a nonreplicating state in human tissues. The factors underlying MTB persistence are unclear, but they may include antibiotic-related stress and hostile conditions, including hypoxia, nutrient limitation, and acidic pH [2] , within caseating lung granulomas, where persistent bacilli reside [3] . Although genetically susceptible to drugs, these bacilli exhibit phenotypic drug tolerance, thus complicating TB treatment.
MTB also evades host immune responses by persisting within arrested macrophage phagosomes [4] . In addition to reactive oxygen and nitrogen intermediates and acid shock, intraphagosomal MTB may encounter inorganic phosphate (P i ) depletion [5] . P i is required for many essential cell-related processes [6] . The phosphate (Pho) regulon is a global regulatory network involved in bacterial P i management and survival under P i -limited conditions. Best characterized in Escherichia coli and Bacillus subtilis, the Pho regulon is expressed during P i starvation following a phospho-relay between the sensor histidine kinase and response regulator pair of a 2-component regulatory system, which is negatively regulated under high P i conditions by the repressor PhoU [7] . An important component of the Pho regulon in bacteria is the high-affinity, low-velocity P i -specific adenosine-5 -triphosphate (ATP)-Binding Cassette (ABC) transport (Pst) system, which includes a peri-plasmic substrate binding protein (PstS), 2 membrane channel proteins (PstA and PstC), and an ATPase (PstB) [6] . The Pho regulon of many bacteria also includes polyphosphate kinase (PPK), which is responsible for synthesizing the regulatory molecule inorganic polyphosphate (poly P), a linear polymer of many tens or hundreds of P i residues linked by high-energy phosphoanhydride bonds [8] . A ppk1-deficient mutant of Mycobacterium smegmatis showed increased sensitivity to various stress conditions, and ppk1 antisensing reduced MTB survival in THP-1 macrophages [9] .
In E. coli, P i starvation induces the stringent response, leading to RelA-mediated synthesis of the alarmone hyperphosphorylated guanosine, abbreviated (p)ppGpp [10] . (p)ppGpp interacts with RNA polymerase, modulating promoter recognition and activity [11] . Increased (p)ppGpp and poly P levels induce rpoS expression and transcription of 150 genes involved in cascades downshifting growth and metabolism [12] . In M. smegmatis and MTB, poly P regulates (p)ppGpp synthesis through transcriptional control of relA via the mprA-sigE-relA pathway [9] .
The MTB adaptive response to P i depletion remains uncharacterized. Although the 2-component system SenX3-RegX3 regulates P i -dependent gene expression in M. smegmatis [13] , the stimulus to which the MTB homologue SenX3-RegX3 responds remains unknown [14] . The MTB phoY1 gene, which shares homology with the Pho repressor phoU gene [7] , is regulated by the alternative RNA polymerase stress/sporulationtype sigma factor SigF [15] . However, whether phoY1 is required for optimal MTB growth, as is phoU in other bacteria [6] , is unknown. Three contiguous genetic operons (Rv0928/ pstS3-Rv0929/pstC2-Rv0930/pstA1; Rv0932c/pstS2-Rv0931c/ pknD; and Rv0933/pstB-Rv0934/pstS1-Rv0935/pstC1-Rv0936/ pstA2) encoding putative MTB P i transporters with sequence similarity to the E. coli Pst system have been described [16] [17] [18] . MTB Rv0820/phoT encodes an ATPase sharing 69% amino sequence similarity with E. coli PstB [19] , but which of these P i transport systems are used during MTB P i limitation is unknown. Finally, whether P i depletion can trigger MTB persistence through poly P accumulation and induction of the stringent response requires investigation.
In this study, we characterized the adaptive response of MTB to P i starvation by assessing MTB growth kinetics following exposure to various P i concentrations and determining the drug susceptibility of P i -starved bacilli. We used gene expression studies to further characterize the MTB phosphate starvation response (PSR) and identify critical components involved in P i regulation and assimilation and MTB persistence. Using MTB gene-deficient mutants, we tested the requirement for specific P i -related genes for MTB survival during P i starvation and persistence in animal lungs.
MATERIALS AND METHODS
Strains. MTB CDC1551 was the wild-type strain used for all experiments. Random insertion mutagenesis of MTB CDC1551 using a Himar1 transposon (Tn) [20, 21] generated a library of ∼2000 unique mutants [21] . Mutants containing Tn insertions in MT0510/Rv0491/regX3 (regX3::Tn), MT0782/Rv0757/ phoP (phoP::Tn), MT0958/Rv0931c/pknD (pknD::Tn), MT0959/ Rv0932c/pstS2 (pstS2::Tn), MT0961/Rv0934/pstS1 (pstS1::Tn), MT0962/Rv0935/pstC1 (pstC1::Tn), and MT3450 /Rv3301c/phoY1 (phoY1::Tn) were used in these studies.
Culture media. MTB growth in vitro was assessed using Middlebrook 7H9 broth (Difco), which contains 25 mM P i , and modified Middlebrook 7H9 broth containing 20 mM MOPS pH 6.6 and P i concentrations ranging from 0 mM to 25 mM. In brief, wild-type strains were grown to mid-log phase, pelleted, washed twice in P i -free broth, and resuspended in modified Middlebrook broth with various concentrations of P i . Colony-forming unit (CFU) counts were assessed by plating on Middlebrook 7H10 agar (Fisher).
Antibiotic studies. To determine baseline minimum bactericidal concentration (MBC) values, logarithmically growing MTB CDC1551 was treated for 7 days with isoniazid (0-0.5 mg/mL) and rifampin (0-0.5 mg/mL). For determination of isoniazid and rifampin MBC against P i -starved bacilli, triplicate cultures of 28-day-old P i -starved bacilli were treated with isoniazid (0-40 mg/mL) or rifampin (0-10 mg/mL) for 7 days during continued P i starvation at 37Њ C. Appropriate dilutions of each sample were plated on Middlebrook 7H10 plates for CFU enumeration. Undiluted isoniazid-treated samples also were plated on Middlebrook 7H10 plates containing isoniazid 0.2 mg/mL.
Gene expression studies. MTB CDC1551 and regX3::Tn were grown to mid-log phase in modified Middlebrook broth containing 25 mM P i . One-half of each culture was used to harvest MTB RNA, which served as the control (0 h time point). The other half of the culture was pelleted, washed twice in modified Middlebrook P i -free broth, and resuspended in an equal volume of P i -free broth. P i -starved cultures were incubated for up to 72 h in a shaker at 37ЊC.
At 24 and 72 h, 50-mL samples were removed from cultures, MTB RNA was recovered and DNase-treated, and fluorescently labeled complementary DNA (cDNA) was generated [22] . The cDNAs from P i -starved MTB and logarithmically growing MTB were competitively hybridized on whole-genome microarray slides and fluorescence intensity data were collected [22] . After global normalization, local mean normalization was performed using Stata 10 software (StataCorp) across the range of expression levels. Distances between observed data and regression fit were used as corrected log ratio values and analyzed using Significance Analysis of Microarrays software, version 3.01, to obtain q values. The data represent 3 independent microarray hybridizations for each time point. Genes with 12-fold change in expression and q value !0.01 were deemed to be significantly regulated. A complete list of microarray data is available at Gene Expression Omnibus database (accession number GSE14840).
For reverse-transcriptase polymerase chain reaction (RT-PCR) reactions, the cycle threshold value (C T ) obtained for each gene was normalized with that of sigA and the normalized change in C T (DC T ) was calculated [23] . Experiments were repeated 3 times using MyiQ single-color RT-PCR detection system (iCycler; Biorad).
Animal infections. A pool containing each of the Tn mutants and CDC1551 parent strain was prepared by mixing equal volumes of individual logarithmically growing cultures. Female Hartley guinea pigs (weight, 200-250 g; Charles River) and female Balb/C mice (age, 6-8 weeks; Charles River) were aerosol-infected with the MTB mutant pool using the Inhalation Exposure System (Glas-Col). Groups of 4 mice and 4 guinea pigs were sacrificed on days 1, 28, and 56. Lungs were removed aseptically and homogenized, and organ homogenates were diluted and plated on supplemented Middlebrook 7H10 plates [24] . Colonies were scraped from plates and pooled, and genomic DNA was prepared [21] . The Tn-chromosome junction of each mutant gene was amplified by quantitative PCR (iCycler) in triplicate for each sample using specific primer pairs, and the DC T for each mutant was calculated [25] . All procedures were performed according to protocols approved by the Institutional Animal Care and Use Committee at the Johns Hopkins University.
Transmission electron microscopy. Fixed phosphotungstate (PTA) negative stain was used for electron microscopy studies. Bacterial pellets were fixed with 2% paraformaldehyde and 3% glutaraldehyde (EM grade) in buffered 1 ϫ phosphate saline (pH 7.2) overnight at 4ЊC. A 5-mL drop of fixed sample was allowed to dry down on a 400-mesh carbon and parlodioncoated copper grid (Ted Pella), which was negative-stained with 1% PTA. Profiles were viewed (Hitachi H-7600 TEM [80 kV]) and digitally captured with Advanced Microscopy Techniques Charge-Coupled Device (direct magnification, ϫ20,000).
RESULTS

P i limitation in vitro restricts MTB growth.
To determine whether MTB growth is P i -dependent, we compared growth in Middlebrook 7H9 broth to that in modified Middlebrook 7H9 broth containing 20 mM MOPS (pH 6.6) with the following P i concentrations: 0 mM, 10 mM, 50 mM, 100 mM, 1 mM, and 25 mM. P i -deprived MTB grew normally during the first 3 days of P i limitation, possibly reflecting intracellular P i stores, but thereafter its growth rate was reduced in a P i dose-dependent manner relative to bacilli grown in P i -rich broth (25 mM) (figure 1). The pH of each sample remained stable at 6.6 throughout the duration of the experiment.
MTB began to lose its acid-fast staining properties as early as 14 days after P i starvation (data not shown) and grew markedly in length. Transmission electron microscopy confirmed bacillary elongation from a mean length of 3.1 mm during logarithmic-phase growth in P i -rich broth (figure 2A) to 6.1 mm after 28 days of P i starvation (figure 2D). Consistent with the hypothesis that P i -starved bacilli are in a nonreplicating state, the MBC of isoniazid, defined as the lowest concentration of antibiotic required to kill 99% of the bacterial culture, increased from 0.06 mg/mL against logarithmically growing MTB Lipid metabolism 242 27 (11) 22 (9) 21 (9) 31 (13) Information pathways 240 13 (5) 21 (9) 6 (3) 74 (31) Cell wall and cell processes 755 83 (11) 28 (4) 78 (10) 75 (10) Insertion sequences and phages 147 9 (6) 25 (17) 12 (8) 19 (13) PE/PPE 173 28 (16) 9 (5) 40 (23) 14 (8) Intermediary metabolism and respiration 917 85 (9) 39 (4) 68 (7) 95 (10)
Regulatory proteins 193 14 (7) 21 (11) 19 (10) 19 (10) Conserved hypotheticals 1095 77 (7) 82 (7) 116 (11) 90 (8) Total 3984 340 (9) 275 (7) 369 (10) 448 (11) NOTE. Significant differential regulation was defined as у2-fold induction or repression and q value !0.01. a Not all M. tuberculosis genes are represented on arrays.
to 20 mg/mL against 28-day-old P i -starved bacilli in the absence of genetic drug resistance. P i -starved bacilli retained susceptibility to the transcriptional inhibitor rifampin (MBC, 0.25 mg/ mL), which has greater activity than isoniazid against nonreplicating latent bacilli [26] and "persisters" [27] . MTB P i -dependent gene expression. To gain insight into the molecular pathways underlying MTB adaptation to P i limitation, we studied P i -starved bacilli transcriptionally using microarrays. MTB global gene expression 24 h after P i starvation revealed statistically significant (12-fold change; q value !0.01) upregulation of 340 genes and downregulation of 275 genes (table 1) . MTB subjected to 72 h of P i starvation showed significant upregulation of 369 genes and downregulation of 448 genes, while 149 genes were significantly differentially regulated at both time points (table 1). PE/PPE family genes were most highly represented among upregulated genes (16% and 23% of all PE/PPE genes were upregulated at 24 and 72 h, respectively).
The MTB Rv0490/senX3 gene was upregulated by 2.4-fold and 2.5-fold after 24 h and 72 h of P i starvation, respectively (table 2). The cognate gene Rv0491/regX3 was upregulated 3.8-fold after 24 h of P i starvation and 1.8-fold after 72 h of P i starvation. P i -starved bacilli showed significant induction of a putative Pst transporter operon (Rv0928/pstS3 [5.8-fold increase at 24 h; 10.6-fold increase at 72 h]; Rv0929/pstC2 [4.8-fold increase at 24 h; 11.6-fold increase at 72 h]; and Rv0930/ pstA1 [4.1-fold increase at 24 h; 8.9-fold increase at 72 h]), respectively. On the other hand, 2 other putative Pst transporter operons (Rv0931c/pknD-Rv0932c/pstS2 and Rv0933/pstBRv0934/pstS1-Rv0935/pstC1-Rv0936/pstA2) were not differentially regulated at either time point. The MTB gene Rv2984/ ppk1 [9] was significantly induced by 2.3-fold at 24 h and 4.6-fold at 72 h. Consistent with the microarray data, quantitative RT-PCR of MTB gene expression following 24 h and 72 h of P i starvation revealed upregulation of senX3-regX3, the pstS3-pstC2-pstA1 operon, and phoT ( figure 3A) . The phoU homologue phoY1 [15] was mildly upregulated following 72 h of P i starvation. MTB ppk1 and the mprA-sigE-relA pathway were induced at both time points, consistent with poly P-mediated signaling [9, 28] and induction of the MTB stringent response [29] .
RegX3 appears to regulate the MTB P i starvation response. We next tested the hypothesis that the MTB P i starvation response is RegX3-dependent using a MTB CDC1551 recombinant strain containing a Himar1 transposon (Tn) insertion in the regX3 gene (regX3::Tn). After 24 h of P i starvation, expression of regX3 was undetectable (140 cycles) in regX3::Tn, confirming gene interruption, and senX3 was downregulated 13.3-fold in regX3::Tn relative to the parental wild-type strain. RT-PCR showed that expression of pstS3, pstC2, pstA1, and ppk1 was downregulated in regX3::Tn relative to the control strain 72 h after P i starvation ( figure 3B ). In contrast, pstS1 and phoT were not differentially regulated in regX3::Tn, indicating that their expression is not RegX3 dependent.
Genes required for MTB survival under P i -limited conditions. We hypothesized that MTB P i starvation-induced genes may be important for bacillary growth and survival when P i is limiting. We screened our MTB Himar1 Tn mutant library [21] for mutants containing Tn insertions in P i -related genes and identified the following mutants: pknD::Tn;pstS2::Tn; pstS1::Tn; pstC1::Tn; and phoY1::Tn. The growth of each of these mutants and regX3::Tn was compared with that of the isogenic wildtype strain in modified P i -rich Middlebrook broth and in broth with low P i (50 mM P i ). The growth of pknD::Tn, pstS2::Tn, pstS1::Tn, and phoY1::Tn was equivalent to that of the wild- IppU, Rv0867c, Rv1987, Rv2051c, Rv3760, Rv3779
Insertion sequences and phages
Rv1199c
Rv1577c, Rv1584c, Rv3750c
PE/PPE Rv1039c, Rv1040c, Rv1195, Rv1196, Rv1787 , Rv1789, Rv1790, Rv1791, Rv2396, Rv2490c, Rv2892c, Rv3478, Rv3595c, Rv3621c, Rv3622c, Rv3872
Rv1386, Rv1387
Intermediary metabolism and respiration add, adhD, cydB, frdD, ppk1, purF, udgA, lat, serB2, Rv0458, Rv0793, Rv1695, Rv1796 leuD, bfrB, asnB, Rv0111, Rv0197, Rv0248c, Rv2276, Rv3174, Rv3537
Regulatory proteins senX3, whiB3, Rv0260c, Rv3167c mtrA, Rv0823c, Rv1846, Rv2887, Rv2989, Rv3173c, Rv3557c, Rv3855
Conserved hypotheticals Rv0307c, Rv0378, Rv0738, Rv0784, Rv0785, Rv1171, Rv1798, Rv1904, Rv2387, Rv2423, Rv2468c, Rv2541, Rv2577, Rv2862c, Rv2867c, Rv3026c, Rv3027c, Rv3046c, Rv3371, Rv3614c, Rv3615c, Rv3753 yfiH, Rv1434, Rv1894c, Rv2016, Rv2119, Rv2166c, Rv2327, Rv2390c, Rv3788 Growth kinetics of transposon (Tn) mutants and control strains under inorganic phosphate (P i )-limited conditions. All strains were grown in reconstituted 7H9 broth containing 50 mM of P i . All mutant strains showed growth equivalent to the isogenic wild-type strain in P i -rich (25 mM P i ) broth. These data are representative of 2 independent experiments. type strain under both conditions. Although regX3::Tn showed no inherent growth defect in P i -rich broth, this strain showed impaired survival in P i -depleted broth (figure 4). P i -related genes required for MTB persistence in mammalian lungs. To determine whether P i -related genes are important for MTB persistence in mammalian lungs, we aerosolinfected mice and guinea pigs with a pool of strains, including the CDC1551 wild-type strain, regX3::Tn, pknD::Tn,pstS2::Tn, pstS1::Tn, pstC1::Tn, phoY1::Tn, and phoP::Tn, which served as a positive control, because phoP-deficient MTB showed attenuated growth in mice [30] . Quantitative PCR using gene-specific primers for the Tn-chromosome junction was used to compare mutant abundance on day 1 relative to days 28 and 56 after infection in each species. Despite differences in MTBassociated histopathology, each model yielded similar results ( figure 5A and 5B). As shown in figure 5, regX3::Tn showed reduced persistence in mouse and guinea pig lungs 56 days after infection. On the other hand, phoY1, pstS1, pstS2, pstC1, and pknD were not required for MTB survival in animal lungs.
DISCUSSION
MTB has evolved to persist within the P i -limited environment of macrophages [5] . We show here that P i is required for optimal MTB growth and survival in axenic cultures and that P i limitation leads to MTB growth restriction and reduced susceptibility to isoniazid. These data are consistent with the hypothesis that P i -starved bacilli are in a nonreplicating state in Figure 5 . Evaluation of transposon (Tn) mutant survival in mammalian lungs. All strains were pooled together and used to aerosol-infect mice (A) and guinea pigs (B). Mutant survival was assessed at day 28 and day 56 relative to day 1 using quantitative polymerase chain reaction of the Tn: chromosome junction of each gene indicated. Positive bars indicate attenuation relative to the isogenic wild-type strain.
which de novo cell wall synthesis is greatly diminished. Phenotypic tolerance to isoniazid also has been described in dormant bacilli during nutrient starvation [31] and progressive hypoxia [32] , in an in vivo granuloma model of latent TB infection [22] , and during chronic mouse lung infection [23] .
We have characterized for the first time the MTB PSR and provide evidence that its expression is regulated by the 2-component regulatory system SenX3-RegX3. Our data showing reduced senX3 expression in a regX3-deficient mutant are consistent with previous data suggesting that this system is autoregulatory [33] . Only a few genes belonging to the previously reported RegX3 regulon [14] overlap with those of the PSR reported here, likely because of differences in the experimental conditions used in each of these studies. One potential explanation is that P i starvation induces a generalized MTB stress response and expression of multiple transcriptional regu-latory proteins. However, the time points we selected to assess the MTB PSR preceded any discernible change in MTB growth rate. On the other hand, the earlier study assessed transcriptional responses of regX3-deficient MTB relative to the control strain during logarithmic growth in nutrient-rich broth, when regX3 is expressed at low levels. These investigators showed that regX3 is not induced under several different stress conditions, including heat shock, carbon limitation, sodium dodecyl sulfate treatment, diamide treatment, low oxygen tension, and low iron [14] . Our gene expression data suggest that the RegX3 regulon may be best characterized under P i starvation conditions, when regX3 is maximally induced.
Previous work has shown that 3 different P i -binding proteins (PstS1, PstS2, and PstS3) from distinct operons are induced and localized to the surface of P i -starved Mycobacterium bovis bacille Calmette-Guérin (BCG) [18] . However, we found that only the pstS3-pstC2-pstA1 operon was significantly induced in P i -starved MTB and also RegX3-dependent, suggesting possible differences in MTB and M. bovis BCG P i regulation. Consistent with the primacy of the pstS3-pstC2-pstA1 P i transport operon during P i limitation, deficiency of pknD, pstS1, and pstS2 did not lead to impaired survival of P i -starved MTB. Unlike E. coli pstB, which is positively regulated by the P i -dependent response regulator PhoB [6] , MTB phoT expression is not RegX3-dependent. Alternatively, the MTB PstB-like ATPase may remain an unidentified member of the RegX3-dependent PSR. Unlike disruption of phoU, which severely impairs E. coli growth [6] , phoY1 deficiency did not impair MTB survival during P i limitation or in animal lungs, suggesting that removal of PSR repression is compatible with MTB growth under these conditions or that MTB PhoY1 is not, in fact, a repressor of the PSR. In addition to genes involved in P i transport and assimilation, the PSR includes many genes of the PE and PPE families, several members of which have been shown to have antigenic potential [34, 35] and are required for survival within macrophages [5] .
Our data suggest a P i -limited environment in mammalian lungs. The reduced survival of regX3::Tn in mouse and guinea pig lungs contradicts previous data [36] . The conflicting findings may be attributable to differences in the mouse or MTB strains used. Alternatively, transposon insertion mutagenesis of MTB Mt103 [36] may not have completely abrogated RegX3 function. Finally, a 40-day observation period may be insufficient [36] , because the attenuated phenotype of regX3::Tn became more readily apparent after 56 days of infection in our studies. Our data are consistent with other studies showing that regX3 deletion in MTB leads to defective survival in macrophages and mouse lungs [14] . The importance of the putative P i -specific transport genes phoT and pstA1 in MTB virulence is corroborated by previous studies that have demonstrated that these genes are required for MTB adaptation in resting and activated macrophages [5] . phoT-deficient M. bovis showed reduced growth in guinea pig and possum lungs and spleens, and reduced susceptibility to fluoroquinolones relative to wild-type strains [37] . Similarly, phoT-deficient MTB showed attenuated growth relative to wild-type strains in mouse lungs [5] . Our data conflict with previous studies showing reduced growth of pstS1-deficient and pstS2-deficient MTB in mouse lungs [38] . In our study, mice were aerosol-infected with MTB CDC1551 Tn mutants, rather than intravenously infected with H37Rv gene deletion mutants [38] . It is unlikely that gene function was not disrupted in our Tn mutants, because in each case, the point of insertion was within the proximal 40% of the coding sequence [21] . The attenuation of the 2 deletion mutants was relatively modest (!1 log 10 CFU/lung relative to wildtype strains) [38] , and other studies have found that the pstBpstS1-pstC1-pstA2 operon is not required for MTB virulence in macrophages or mice [5] .
P i starvation induced marked changes in bacillary morphology and acid-fast staining properties. An elongated morphology, which confers an enhanced surface-to-volume ratio, has been described in P i -starved bacteria [39] , perhaps reflecting an attempt to capture additional P i from the environment. The morphology and acid-fast staining properties of persistent MTB from human lung lesions and those of nutrient-starved bacilli differ markedly from those of log-phase MTB cultures [40] . These morphological changes may be attributable to increased intracellular levels of (p)ppGpp in M. smegmatis [41] . P i -starved MTB showed induction of relA, encoding a dual-function enzyme responsible for (p)ppGpp synthesis and hydrolysis [42] . The ability to rapidly fine-tune cellular (p)ppGpp concentration through RelA in response to available nutrients or other stresses is essential for the long-term survival of MTB upon nutrient starvation and extended hypoxia [43] , as well as during chronic mouse lung infection [29] . The overlap of certain genes of the MTB PSR with those induced after exposure of MTB to progressive hypoxia [44] and nutrient starvation [31] , including sigE and relA [29, 42] , indicate the convergence of multiple metabolic pathways into a common regulatory network controlling bacterial growth restriction, irrespective of the inciting environmental stimulus. In this study, we provide the first evidence that RegX3 regulates MTB expression of ppk1, which is known to regulate (p)ppGpp synthesis through the mprA-sigErelA pathway [9] , thus establishing a direct transcriptional link between bacillary adaptation to P i starvation and induction of the stringent response, which is critical for M. tuberculosis persistence [29] .
In conclusion, we have shown that P i limitation triggers MTB growth restriction and phenotypic tolerance to isoniazid. We have characterized the MTB PSR, which appears to be under the control of the 2-component system SenX3-RegX3. Several genes of the PSR are essential for MTB persistence in mam-malian lungs. Our findings are consistent with the hypothesis that, during the natural course of infection in mammalian lungs, MTB encounters P i -limited conditions, which may contribute to MTB persistence.
